The densities (ρ), viscosities (η), and ultrasonic speeds (u) of pure cyclohexane, 1-butanol, 2-butanol, and those of their binary mixtures, with cyclohexane as common component, covering the whole composition range have been measured at 293.15, 298.15, 303.15, 308.15, 313.15, and 318.15 K. From the experimental data the excess molar volume (V E ), deviations in isentropic compressibility (∆k s ), deviations in viscosity (∆η), deviations in ultrasonic speed (∆u), deviations in acoustic impedance (∆Z), deviations in internal pressure (∆P i ), excess Gibbs free energy of activation (∆G * E ), entropies (∆S * ), and enthalpies (∆H * ) of activation of viscous flow have been determined. The sign and magnitude of these parameters were found to be sensitive towards interactions prevailing in the studied systems. Partial molar volumes (V 0 φ ,2 ) and partial molar compressibilities (K 0 φ ,2 ) of 1-butanol and 2-butanol in cyclohexane have also been evaluated. Moreover, V E values were theoretically predicted by using Flory's statistical theory. The variations of derived parameters mentioned above with composition offer a convenient method to study the nature and extent of interactions between the component molecules of the liquid mixtures, not easily obtained by other means.
Introduction
The present work is the continuation of our earlier studies [1 -5] on molecular interactions of binary non-aqueous liquid mixtures using thermodynamic and transport properties. Here we extend our study to the binary mixtures containing 1-butanol and 2-butanol with cyclohexane at 293. 15, 298.15, 303.15, 308.15, 313.15 , and 318.15 K over the whole composition range. The mixtures studied are interesting from the experimental as well as from the theoretical point of view because cyclohexane is mixed with alkanols (1-butanol and 2-butanol) that have the same molar masses and similar functional group (-OH) but at different locations of the carbon chain. Cyclohexane is aprotic, unassociated, and has a globular structure [6] , whereas alkanols are polar liquids, strongly self-associated by hydrogen bonding to the extent of polymerization that may differ depending on temperature, chain length, and position of the -OH group. It would be interesting to examine the mixing of cyclohexane with alkanols and also to observe the effect of the -OH group in alkanols on the molecular interaction in these binary mixtures.
0932-0784 / 10 / 0800-0749 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Literature survey indicates that Gascon et al. [7] have measured the densities and speeds of sound of binary mixtures of cyclic ether with butanol isomers at different temperatures. Dewan et al. [8] have measured the excess volumes for mixtures of pyridine + 1-alkanol (C 1 -C 10 ) at 298.15 K. Ali and co-workers [9] have reported the densities, viscosities, and ultrasonic speeds of cyclohexane + cyclohexanol, + 1-octanol, + 1-decanol at 308.15 K. To the best of our knowledge no volumetric, viscometric, and ultrasonic studies have been reported for the binary mixtures of cyclohexane with 1-butanol and 2-butanol at different temperatures, except the work of Bebek [10] , who has studied only the densities and ultrasonic speeds of binary mixtures of cyclohexane with 1-butanol at one single temperature, 293.15 K. In view of these facts, the present study has been undertaken to have a better understanding of the intermolecular interactions in these systems.
This work reports the experimental densities (ρ), viscosities (η), and ultrasonic speeds (u) of pure cyclohexane, 1-butanol, 2-butanol and those of their binary mixtures over the entire composition range at 293. 15 [11, 12] . The variations of derived functions, namely, V E , k s , ∆η, ∆u, ∆Z, ∆P i , ∆G * E , ∆S * , ∆H * ,V 0 φ ,2 ,K 0 φ ,2 of the mixtures with composition are discussed in order to gain insight into the type and magnitude of the molecular interactions in binary mixtures of cyclohexane with alkanols, and also the effect of the position of the -OH group in alkanols on the molecular interactions has been discussed.
Experimental
Cyclohexane, 99.7%, 1-butanol and 2-butanol, 99.5% (E. Merk, Germany) were used as obtained but all the chemicals were stored over 0.4 nm molecular sieves to remove the traces of water, if any, and degassed just before use. The solutions were prepared by mass using a precisa XB-220 A (Swiss made) electronic balance with a precision of ±0.1 mg.
The densities of pure liquids and their binary mixtures were measured using a single-capillary pycnometer as described in the literature [1 -5] . The ultrasonic speeds in liquid samples were measured by using a single crystal variable path interferometer (Mittal Enterprise, New Delhi, Model -M-82) at 2 MHz. The uncertainties in measured density and ultrasonic speed are ±0.0001 g · cm −3 and ±0.15 m · s −1 , respectively. The viscosities of pure liquids and their binary mixtures were measured using Ubbelohde-type suspended level viscometer, calibrated with triple-distilled water. The viscometer containing the test liquid was allowed to stand for about 30 min in a thermostated water bath (Julabo, Model-MD, Germany) having a precision of ±0.02 K in order to minimize thermal fluctuations. The uncertainty in viscosity measurement is ±0.003 mPa · s. A minimum of three readings were taken for each sample and the average values were used in all the calculations. Reliability of the experimental data and the purity of the solvents were ascertained by comparing their densities, ultrasonic speeds, and viscosities at different temperatures with the values reported in literature [13 -22] , see Table 1 .
Results and Discussion
The experimental densities (ρ), ultrasonic speeds (u), and viscosities (η) of pure cyclohexane, 1-butanol, 2-butanol, and their binary mixtures over the entire composition range, expressed by the mole fraction x 1 of cyclohexane, at 293. 15 Table 2 . Thermodynamic excess properties, which are the measure of the deviations from ideal behaviour, are found to be influenced by the factors such as: (i) structure of the components, i. e., different geometry of the unlike molecules, (ii) re-orientation of the component molecules in the mixture, and (iii) intermolecular interactions [23, 24] . Thus, excess molar volumes (V E ), deviations in isentropic compressibilities (∆k s ), viscosities (∆η), ultrasonic speeds (∆u), acoustic impedance (∆Z), internal pressure (∆P i ), and excess Gibbs free energy of activation of viscous flow (∆G * E ), were calculated with the help of the following standard relations: Table 2 . Values of experimental density ρ, viscosity η, and ultrasonic speed u of binary liquid mixtures at different temperatures. Table 2 . (continued) 
where x and φ are the mole fraction and volume fraction, respectively. Subscripts 1 and 2 stand for the pure components cyclohexane and 1-butanol / 2-butanol, respectively, k s , V , and Z are the isentropic compressibility, molar volume, and acoustic impedance, respectively, and can be evaluated by the following relations:
where M is the molar mass of the pure components. The internal pressure P i can be obtained by using the ultrasonic speed data in conjunction with other thermodynamic parameters [25, 26] as:
where N is the Avogadro number, V is the molar volume, and d is the molecular diameter of the mixture or pure components, which can be calculated using the following semi empirical relation [27] :
where γ and T C are the surface tension and critical temperature, respectively. The surface tension of liquids, or their mixtures, is related to ultrasonic speed [27] as:
The values of critical temperatures 553.5, 563.6, 536.2 K of cyclohexane, 1-butanol, and 2-butanol, respectively, were taken from the literature [28] . The critical temperature T C of the mixtures was obtained from the following additive relation:
The values of V E , ∆k s , ∆η, ∆u, ∆Z, ∆P i , and ∆G * E of the binary mixtures were fitted to the Redlich and Kister type equation [29] :
where Y E stands for V E , ∆k s , ∆η, ∆u, ∆Z, ∆P i , and ∆G * E . The coefficients A i of (15), evaluated using least-squares method, and the standard deviations σ (Y E ), calculated as
where m is the number of experimental data points and k is the number of A i coefficients considered, have been listed in Table 3 . The variations of V E , ∆k s , ∆η, ∆u, ∆Z, ∆P i , and ∆G * E with mole fraction x 1 of cyclohexane are shown graphically in Figures 1 -7 , at 298.15 K only, to avoid overcrowding of data points at remaining temperatures. Figure 1 shows the dependency of excess molar volumes V E on the composition of cyclohexane + alkanol binary mixtures at 298.15 K. The observed V E values exhibit positive deviations over the entire mole fraction range for the two binary systems. The positive deviations in excess molar volumes can be explained by considering the fact that mixing of cyclohexane with alkanols leads to (i) the loss of dipolar association between the alkanol-alkanol molecules which tends to make V E positive, (ii) dipole-dipole or dipole-induceddipole interactions between free alkanol-alkanol and cyclohexane-alkanol molecules, and (iii) geometrical fitting of smaller molecules of 1-butanol (molar volume = 9.1517 × 10 −5 m 3 · mol −1 ) and 2-butanol (molar volume = 9.1903 × 10 −5 m 3 · mol −1 ) molecules into the voids created by the bigger cyclohexane (molar volume = 10.8161 × 10 −5 m 3 · mol −1 ) molecules. Thus, the observed positive V E values suggest that the effect due to (i) dominates over that of (ii) and (iii) effects. It is worth to mention that V E values ( Fig. 1) are more positive for the cyclohexane + 1-butanol mixture than for the cyclohexane + 2-butanol mixture. This can be explained by considering the extent of association present in pure 1-butanol and 2-butanol molecules. It has been reported [30] that self-association in 1-butanol is more as compared to 2-butanol. As a result, addition of cyclohexane, a structure breaker [31] , would cause more dissociation in 2-butanol than in 1-butanol, releasing large number of free 2-butanol molecules and relatively smaller number of free 1-butanol molecules in the solution. This would facilitate the greater fitting of large number of freely available 2-butanol molecules into the voids created by bigger cyclohexane molecules than the fitting of smaller number of freely available 1-butanol molecules into the structure of cyclohexane, resulting in larger positive V E values for 1-butanol than for 2-butanol.
Like V E the behaviour of ∆k s with x 1 (Fig. 2) shows positive deviations for both the systems investigated, whereby the deviation is larger for the cyclohexane + 1-butanol than for the cyclohexane + 2-butanol system. It should be noted that the extent of positive de- viation in ∆k s is more pronounced than in V E . This is due to the fact that the compressibility is a more powerful thermodynamic parameter in sensing the presence of intermolecular interaction than does V E [32] . The observed positive values of ∆k s (Fig. 2) for both the mixtures over the entire composition range indicate the presence of weak interactions between the component molecules. This is in accordance with the views suggested by Fort and Moore [33] . Figure 3 shows that ∆η values are entirely negative for both the binary systems and these negative values follow the sequence 2-butanol > 1-butanol over the complete composition range. Negative deviations in ∆η occur where dispersion and dipole-dipole forces are operative in the systems [34] . Garcia et al. [35] have also suggested similar deviations in ∆η from ideality for the binary mixtures N-methylpyrrolidine + alkanols (C 1 -C 10 ) at 298.15 K.
The behaviour of ∆u is similar to that of ∆Z (Figs. 4 and 5) and show negative deviation for both of the mixtures. Negative deviations in ∆u and ∆Z indicate weak interaction between the component molecules in the mixtures [36] and that the strength of the interaction follows the sequence 1-butanol < 2-butanol. The observed negative deviation in ∆Z, where Z = uρ, and an opposite trend in ∆k s , where k = 1/u 2 ρ, over the whole composition range support our view regarding the structural order and, hence, intermolecular interactions in these mixtures. Similar conclusion regarding the ∆Z values were also drawn by Ali et al. [37] for ethanol + 1-hexanol/1-octanol and acetonitrile + N,Ndimethylformamide binary mixtures.
The variations of ∆G * E with mole fraction x 1 of cyclohexane for both the binary mixtures are presented in Figure 6 . The values of ∆G * E , like ∆η, are negative for both the binary mixtures. In general, the negative contribution to ∆G * E values are attributed to the presence of dispersion forces in the mixtures. Similar conclusion were also arrived at by Reed and Taylor [38] and Oswal and Rathnam [39] who ascribed negative ∆G * E values to the dispersion forces present in the liquid mixtures.
The ∆P i values (Fig. 7) are positive for both the binary mixtures studied, which indicate that the attractive forces are greater than the repulsive forces. Similar results have also been reported by Aminabhavi et al. [27] for the binary mixtures of styrene with n-alkanes. This again reinforces our earlier view regarding the interactions between the component molecules of the liquid mixtures.
Further, by using the temperature dependence of viscosity data the activation parameters for viscous flow have been investigated. The Eyring viscosity equation [40, 41] is given as:
where h is Planck's constant, N is Avogadro's number, and ∆G * is the Gibbs energy of activation of viscous flow. Combining (17) with ∆G * = ∆H * − T ∆S * gives the equation
where ∆H * and ∆S * are the enthalpy and entropy of activation of viscous flow, respectively. The plots of the left hand side of (18) for both the binary mixtures at different compositions were found to show linear trend for each composition of the system under study. This indicates that ∆H * values are almost constant in the investigated temperature range, i. e., ∆H * is independent of temperature. Thus, the values of ∆H * and ∆S * were obtained as the slopes and intercepts of the above plots by using a linear regression procedure. The values of ∆H * and ∆S * along with the linear correlation factor r of (18) are given in Table 4 . A close perusal of Table 4 indicates that for both the binary mixtures the values of ∆H * and ∆S * are positive, show a decrease in ∆H * and an opposite trend in ∆S * values with mole fraction x 1 of cyclohexane. It has been suggested earlier [42] that the enthalpy of activation of viscous flow may be regarded as a measure of the degree of cooperation between the species taking part in viscous flow. In a highly structured liquid there will be considerable degree of order and, hence, for cooperative movement of entities, a large heat of activation is needed for the flow process. Therefore, a perusal of Table 4 indicates that the formation of activated species necessary for viscous flow seems to be difficult in the 1-butanol rich region and relatively more difficult in 2-butanol rich region owing to the high values of ∆H * , and become easy as the mole fraction of cyclohexane in the mixture increases. This is supported by the decreasing value of ∆S * as the amount of cyclohexane in the mixture increases.
Furthermore, the extent of interaction between the component molecules in a mixture is well reflected in the parameters like apparent molar volume, apparent molar compressibility, partial molar volume and partial molar compressibility [43, 44] . The apparent molar volumes V φ ,2 of 1-butanol and 2-butanol in cyclohexane were calculated by using the equation [43] 
where V * 2 is the molar volume of 1-butanol and 2-butanol and x 2 is their mole fraction. The partial molar volumesV 0 φ ,2 of 1-butanol and 2-butanol in cyclohexane at infinite dilution were obtained by the method described earlier [43, 44] . The deviations inV 0 φ ,2 at infinite dilution ∆V 2 , were calculated by using the equation [43] 
The values ofV 0 φ ,2 , V * and ∆V 2 are listed in Table 5 . It is clear from this table that the values of ∆V 2 are positive (i. e., the partial molar volumesV 0 φ ,2 of 1-butanol/2-butanol in cyclohexane at infinite dilution are greater than their corresponding molar volumes in the pure state V * 2 ), suggesting that on mixing there is an expansion in the volume of the mixture, which may be due to the presence of weak interactions between the component molecules as mentioned above. However, as the temperature increases, ∆V 2 becomes less positive, thereby, indicating that the effect of temperature is more pronounced for pure alkanols than in the mixture.
The apparent molar compressibilities K φ ,2 of 1-butanol/2-butanol in cyclohexane were calculated using the relation [43, 44] 
where
is the excess molar compressibility of the mixture; K * 2 is the molar isentropic compressibility of 1-butanol/2-butanol. The partial molar compressibilitiesK 0 φ ,2 of 1-butanol/2-butanol in cyclohexane at infinite dilution were obtained by using the method described elsewhere [43, 44] . The deviations in K 0 φ ,2 at infinite dilution ∆K 2 were obtained by using the relation [45] 
The values ofK 0 φ ,2 , K * 2 , and ∆K 2 are also included in Table 5 . The partial molar compressibilitiesK 0 φ ,2 of 1-butanol/2-butanol in cyclohexane at infinite dilution characterize the compressibilities of their molecules in the mixture, whereas molar isentropic compressibilities K * 2 of pure components 1-butanol/2-butanol can be In the present paper, the excess molar volume V E has also been evaluated by using Flory's statistical theory [11, 12] (V E F ). According to Flory's equation of state [11, 12 ] V E F is given as:
The terms and notations used in (23) are the same as given in the literature [11, 12] . A comparison between the experimental V E and the predicted V E F using Flory's theory is given in Figure 8 . It is clear from this figure that Flory's statistical theory, though unable to predict excess molar volume quantitatively, seems to be satisfactory in predicting it qualitatively for the present systems studied.
Conclusion
The observed positive V E values, over the entire composition range, for both the systems, cyclohexane + 1-butanol and + 2-butanol, at all the investigated temperatures indicate that disruption of associated structures of alkanols by cyclohexane molecules in the mixtures dominates over that of the combined effect due to dipole-dipole or dipole-induced-dipole interactions and fitting of smaller molecules of alkanols into the voids created by bigger cyclohexane molecules. Also, the positive values of ∆k s for both the systems under study support the behaviour of V E .
Further, the positive deviations in ∆k s are more pronounced than in V E for both the systems studied, thereby, suggesting that compressibility is a more powerful thermodynamic parameter than V E in sensing the presence of molecular interaction in a mixture. The observed negative values of ∆η, ∆u, ∆Z, and ∆G * E for both the binary mixtures clearly reinforce the behaviours of V E and ∆k s . The positive deviations in ∆P i indicate that the attractive forces are greater than the repulsive forces in both systems. Both systems have positive ∆H * and ∆S * values, show decrease in ∆H * and reverse trend in ∆S * values with mole fraction x 1 of cyclohexane. This indicates that the formation of activated species necessary for viscous flow is difficult in 1-butanol rich region and becomes more so more in 2-butanol rich rich. The positive values of ∆V 2 and also of ∆K 2 for alkanols in cyclohexane over the entire composition range for both binary mixtures clearly suggest the presence of weak interactions between the component molecules.
A comparison between the experimental V E and the theoretically predicted V E F , using Flory's statistical theory, suggests that, though, Flory's theory is unable to predict excess molar volume quantitatively, is satisfactory in predicting it qualitatively for the systems investigated.
